The utilization of biomass fly ash and lime was investigated as cement replacements in blast furnace briquetting. Sample characterization included chemical (XRF) and mineralogical (XRD) analysis, particle size determination, and thermal behaviour (TGA/DSC-TGA). Additionally, the mechanical performance and fly ash, lime, and fly ash/lime mixtures as cement replacements were determined by incorporation in mortars tested by standardized methods . Based on the results, detrimental alkali, sulphur, and chlorine contents of the biomass fly ashes do not seem to restrict use in briquetting. However, the utilization of fly ashes as cement replacements resulted in significant decline of 28 day compression strength values. The two different fly ash samples attested to 28 day compression strength of app. 72% and 55% of the respective control. Inferior mechanical performance was related to moisture absorption according to XRD and DSC-TGA and relatively larger particle size. Respectively, lime additions encouraged fly ash strength development only in the case of inferior fly ash performance related to the aforementioned effects. The results provide important information for the forth-coming manufacture of blast furnace test briquettes, which is to commence in the near future.
Introduction
During integrated iron and steel production a wide variety of iron-bearing by-products are generated. Traditionally, these by-products have been recycled back to the blast furnace through the sintering plant. However, during recent years, the cold-agglomerated briquetting process has been favored as an alternative to sintering of secondary raw materials. 1) In cold-agglomerated briquetting, various iron-bearing by-products are intermixed with a binder constituent (e.g., Portland Cement) and water and subsequently agglomerated to the form of briquettes by pressure molding. Cured and hardened briquettes can be charged to the blast furnace at the age of e.g., 1 month.
The strength of briquettes increases nearly linearly with an increase in cement content. 2) In the blast furnace, the mechanical durability of briquettes is favorable due to increased reduction efficiency of iron-bearing constituents through proper permeation of reductive gases and the overall operation of the process. However, at a briquette input of approximately 100 kg/tHM and a cement content of 10% (d.w.) per briquette, the use of commercial binders such as Portland cement is a considerable expense for the integrated iron and steel mill. Hence, research regarding the possibilities for the minimization of Portland cement use trough the utilization of supplementary cementing materials, such as residual fly ashes from the locality, is an important theme.
As a supplementary cementing material, the conventional use of fly ash is based on the pozzolanic reaction between soluble SiO2 and Ca(OH)2, which is produced during the hydration of calcium silicate phases (i.e., alite and belite) of Portland cement.
3) The reaction product is a secondary calcium silicate hydrate (C-S-H) with a lower Ca/Si -ratio compared to the C-S-H produced during cement hydration. 4) Although the pozzolanic reaction induced by low-calcium fly ash additions is stated to be insignificant during the first weeks of curing, 5) high-calcium fly ashes react faster and thus are possibly able to provide better early strength. 6) According to CEN standard EN 197-1, 7) only fly ash collected from the electrostatic precipitators or mechanical filters of coal combustion boilers is allowed to be used in fly ash cements. However, due to increasing pressures on global environment and energy security, and attempts to diversify national energy supply, 8) biomass represents an important energy supply for industry sectors also in Finland. The pulp and paper industry in particular relies heavily on the use of renewable energy sources. Wood-derived residues (i.e., wood chips and sawdust), bark, and residual sludges are © 2011 ISIJ important feedstocks 9) in addition to peat and heavy fuel oil.
In principal, typical fly ash from neat biomass combustion has more alkali (i.e. Na and K) and less alumina (Al2O3) than coal fly ash.
10) The use of biomass fly ashes from cofiring, blended fly ash, pure wood fly ash and high-and lowcalcium fly ashes from coal combustion in concrete were studied by Wang et al. 10) The authors concluded that biomass-coal co-firing and blending of pure wood fly ash with coal fly ash produced fly ashes with concrete utilization properties within the range of pure coal fly ash. Additionally, Rajamma et al. 8) reported the use of forest residues derived fly ash from a thermal power plant and co-firing fly ash from the pulp and paper industry as supplementary cementing materials in mortars. As a result, up to 20% of cement could be replaced by fly ash in order to maintain acceptable mechanical strength, although the authors emphasized the control of carbon, chloride and sulphate content of biomass fly ashes.
Based on the presented background, the characteristics of fly ash and lime residues from two industrial pulp and paper complexes in Northern Finland and preliminary performance as singular and binary mixtures in cement-based formulations were investigated. The investigation of relevant characteristics included XRF, XRD, TGA and DSC-TGA-MS to assure low concentrations of possibly detrimental compounds regarding blast furnace operation and the respective hot metal product. Additionally, the mechanical performance of the mixtures was determined with standardized methods. An attempt is made to provide a foundation for the forth-coming manufacture of blast furnace test briquettes, which is to commence in the near future.
Materials and Methods

Fly Ash and Lime Samples
Fly ash and lime samples were provided by two pulp and paper mill complexes in Northern Finland. The fly ashes were produced in identical bubbling fluidized bed-boilers with a nominal capacity of 246 MW at the power plants of the respective facilities. The sampling represented normal operating conditions for the incinerators, i.e., O2 -content of approximately 5% and bed temperature of ca. 850°C. During the sampling period, fly ash sample F1 was collected as a combined sample from three collector silos of an electrostatic precipitator (ESP), and represented ash produced during the incineration of approximately 50% of clean forest residues (i.e., bark, wood chips, and saw dust) and 50% of commercial peat fuel. Fly ash sample F2, which derived from a different mill, was collected from an outlet storage area subsequent to flue gas cleaning and was generated during the combustion of a similar fuel mix.
Lime sample L1 derived from a precipitated calcium carbonate (PCC) plant used for paper coating. The PCC plant generates by-product lime in a coarse granular form and the L1 sample was milled prior to testing. Lime sample L2 was collected from a lime kiln outlet of a different mill, used for purging the contents of the kiln in abnormal situations. All samples were stored in sealed 10 dm 3 polyethylene containers, in room temperature and humidity, to avoid responses to atmospheric humidity.
Particle Size Analysis
Particle size determination for the samples were performed according to the guidelines of ISO 13320 11) with a Mastersizer 2 000 particle size analyzer equipped with a Hydro SM wet-dispersion unit (measurement range 0.02-2 000 μm). The fly ash samples were dispersed in an ethanol medium and the lime samples in a 2-propanol medium ultrasonically for 5 minutes with 2 400 rpm. Additionally, the particle size distribution of a rapid-hardening Portland cement, type CEM II/A-LL 42.5 R, was analyzed for comparison. The cement sample was dispersed ultrasonically in an ethanol medium for 5 minutes with 2 400 rpm.
Chemical Composition
Chemical composition of fly ash and lime samples was determined with the X-ray fluorescence (XRF) method using a Philips PW 2404 sequential X-ray spectrometer equipped with a Rh anode tube. The X-ray spectrometer was operated in an acceleration voltage range of 32-60 kV and a current range of 10-125 mA with a selection of crystals (synthetic, Ge or LiF) and detectors (flow, scintillator of combined flow/sealed detector) depending on the individual element. Prior to analysis, the samples were pulverized and agglomerated using a WCo grinder and Herzog-briquetting equipment.
Mineralogical Composition
Mineralogical composition of the samples was determined with the X-ray diffraction (XRD) method. A Philips PW 3040 X'Pert MPD X-ray diffractometer was used with Co-Kα radiation (wavelength 1,78897Å) and an iron filter, operated at an acceleration voltage of 45 kV, and a current of 40 mA. A measurement range of 5°-100° (2θ) with 0.04°/1s was used with a goniometric resolution of 0.001°. The duration of each measurement was approximately 43 minutes.
Thermal Behaviour
Thermal behaviour of the samples was analysed with thermogravimetric analysis (TGA) followed by a combination of differential scanning calorimetric, thermogravimetric and mass spectrometric analysis (DSC-TGA-MS). The equipment consisted of a Netzsch STA 409 PC Luxx thermal analyzer with a Pt-crucible integrated to a Netzsch QMS 403 Aëolos quadrupole mass spectrometer. The temperature program ranged from 30°C to 1 300°C with 20°/min in a He atmosphere with a He flow rate of 60 ml/min.
In the case of TGA, mass spectrometer measurements were performed by using an analog scanning mode and a detection range of 1-200 amu. With DSC-TGA-MS, multiple ion detection (MID) was used for H2O derived compounds for fly ash samples. In the case of lime samples, DSC-TGA-MS provided more accurate information on specific weight loss temperatures as compared to the initial TGA. Sample sizes were approximately 1 g for TGA and circa 30 mg for DSC-TGA-MS. Prior to analysis, vacuum degassing of the equipment was performed in triplicate to ensure He atmosphere conditions.
Mechanical Performance
To test the compression and flexural strength of fly ash and lime supplemented cement mixtures, various mortar matrices were manufactured according to EN 196-1. 12) an additional mixing period of 30 s was performed before standardized mixing to attain homogeneous mixtures of cement and supplementary cementing materials prior to water addition. Additionally, the water/binder-ratio of the pastes was adjusted to 0.45 to enable comparison to a lower reference with a cement replacement of 25% by aggregate and thus a water/cement-ratio of 0.60. Detailed mixture proportions of fly ash, lime, and fly ash/lime mixtures with the respective controls are presented in Table 1 .
The compression and flexural strength of the mortars were determined at the age of 7 and 28 days on a Zwick Roell RK 250/50 universal testing machine. Flexural strength measurements were performed in triplicate and respectively allowed as many as six repetitive measurements to be performed for compression strength determination.
Results and Discussion
Particle Size
Results regarding the particle size analysis of fly ash and lime samples are presented in Fig. 1 . Additionally, the particle size distribution of the rapid-hardening Portland cement used for mechanical performance testing is provided as reference. Based on the results, the average particle size of F1, L1, and L2 was notably smaller than the one of reference cement. However, as shown in Fig. 1 , the particle size distribution of F2 resulted in somewhat larger average particle size.
With the fly ash samples, the volume weighted mean particle diameters were 21.4 and 37.8 μm for F1 and F2, with minimum particle sizes of 0.21 and 0.24 μm, respectively.
In the case of L1 and L2, the respective values were 14.0 and 13.2 μm with equivalent minimum particle sizes of 0.32
μm. The reference volume weighted mean diameter of cement particles was 22.9 μm with a minimum particle size of 0.32 μm. The aforementioned results are average values of three congruent measurements.
Chemical Composition
The major chemical elements of fly ash and lime samples obtained by XRF are presented in Table 2 . According to EN 197-1, 7) both F1 and F2 samples are regarded as highcalcium fly ashes based on the respective CaO contents, which are over 10%. Additionally, as stated by EN 197-1, 7) high-calcium fly ashes which contain over 15% of reactive CaO must attain a compression strength value of 10 MPa determined according to EN 196-1.
12) Prior to this additional strength determination, the fly ash is ground in order that 10-15% of input will pass to a 40 μm sieve during wet sieving. Subsequently, the ground fly ash is used to replace the entire cement constituent defined by EN 196-1.
12)
However, in this investigation the aforementioned additional strength determination of high-calcium fly ashes was not performed and XRF was used only for an overall chemical analysis. Thus, conclusions regarding reactive CaO or SiO2 cannot be drawn. This suggests a need for more appropriate methods for determining the distributions between total and soluble CaO and SiO2 (e.g., EN 196-2 13) ). In the case of F2, the SiO2 content remained below 20% 6) highcalcium fly ashes could be less efficient in reducing vulnerability to so-called alkali silica reaction or sulphate attack. This might prove relevant regarding the actual briquette manufacture, where the binary mixtures of cement and fly ash would be accompanied by a number of constituents with unexpected effects on binder hydration reactions.
Both L1 and L2 are very high in CaO, with weight proportions of 83.1% and 76.4% respectively. This is reasonable in the light that L1 derives from an industrial manufacturing process of high-quality PCC through calcination of CaCO3 and subsequent precipitation with mill stack gas CO2.
14) L2 on the other hand is generated during the purging of the lime kiln which most likely generates a mixture of partially and fully calcined CaO/CaCO3, 15) as the calcination reaction generally proceeds longitudinally in the kiln.
For use as cement replacements, the fly ash/lime mixtures would also be expected to contain an excess of CaO and insufficient SiO2. The increased reactivity of high-calcium fly ashes 6) is most likely based on the dissolution of additional Ca 2+ -ions from fly ash as compared to Ca 2+ -ions from Ca(OH)2 formed during calcium silicate phase hydration of base cement. However, for the additional Ca 2+ -ions to have an accelerating effect in strength development, there needs to be an excess availability of counterpart SiO4 2--ions in solution [from H4SiO4 or Si(OH)4] for C-S-H formation to occur via an acid-base reaction. 8) In this case, the data suggest on the contrary.
In the case of e.g. alkalis, chlorine and sulphur which are detrimental to blast furnace operation, contents in fly and lime samples were attested as low. When considering the relative proportion of possible supplementary cementing materials in briquettes (app. 2-4%, d.w.), and the approximated briquette input for the blast furnace (i.e., 100 kg/tHM), alkali burden does not seem to restrict use in briquetting. However, as defined by EN 197-1, 7) the limit values for sulphur (as SO3) and chlorine existing high-calcium fly ash to be used in blended cement are equivalent to the respective limit values for the base cement. In this case, the limit values for type CEM II/A-LL 42.5 R cement have been prescribed to ≤4.0% SO3 and ≤0.01% Cl. XRF results of the respective components suggest a need for more detailed analysis with appropriate methods (e.g., EN 196-2 15) ).
Mineralogical Composition
The XRD patterns of fly ash and lime samples are presented in Figs. 2 and 3 , respectively. In F1 the main components were quartz (SiO2), lime (CaO), and enstatite (MgSiO3) with additional lower peaks of magnetite (Fe3O4), gehlenite [Ca2Al(AlSiO7)], and anorthite [(Ca,Na)(Si,Al)4O8]. In the case of F2, portlandite [Ca(OH)2] and quartz (SiO2) were the dominant minerals with ancillary peaks of magnetite (Fe3O4), vaterite (CaCO3) and fayalite (Fe2SiO4).
Regarding F1, the existence of SiO2 and CaO supports the results attained by XRF. However, on the basis of strength development, SiO2 present as quartz or in crystalline aluminosilicate phases is generally considered not to take part in secondary C-S-H formation and can be regarded as inert. 5) Enstatite and magnetite are acknowledged by Taylor 16) as having some relevance to cement chemistry in general, but due to their crystallinity cannot be anticipated to take part in strength development. Anorthite is stated to occur in aircooled slags and can also be considered as inert. 17) From the XRD pattern of F2, multiple and significant peaks of portlandite were detected. Portlandite generally decomposes at approximately 450°C and clearly should not sustain temperatures in the range of fluidized-bed incinerators. This suggests that F2 has absorbed moisture most likely during storage subsequent to removal from the ESP.
From the XRD patterns of L1 (see Fig. 3 ), dominant peaks of lime were detected. In the case of L2, peaks of portlandite were dominant while peaks of lime were also detected in noticeable accounts. Additionally, both patterns revealed small peaks of calcite (CaCO3), which however were exiguous compared to lime and portlandite. The existence of portlandite in L2 suggests moisture absorption as with F2. This is reasonable in the light that L2 derives from the lime kiln with a very low moisture content. Fully calcined and reactive lime is likely to absorb e.g. atmospheric moisture which was supported by the yellowish colour of the L2 sample prior to analysis.
Thermal Behaviour
On the basis of the tentative TGA, thermal treatment of fly ash samples led to the formation of H2O, CO2 and traces of SO2. However, when comparing the DSC-TGA patterns of the two fly ash samples presented in Fig. 4 , the order of magnitude of weight loss was distinctively higher for F2. In the case of F1, the formation of H2O was detected, but only as an ambiguous peak at around 600°C (MID peaks not shown in Fig. 4) . This is most likely due to the thermal decomposition Ca(OH)2. Weight loss of F1 was less than 2% in the range of 30-1000°C based on DSC-TGA.
In the case of F2, H2O was detected as clear peaks at around 100-150°C as well as at approximately 450°C. The former was associated with the departure of non-evaporable water and the latter with the decomposition of Ca(OH)2 and possible alkali metal hydroxides e.g., NaOH and KOH. With F2, weight loss is more noticeable also around 800-900°C, which is due to the decomposition of CaCO3 also detected in the XRD pattern. Weight loss of F2 was app. 15% at 30-1 000°C based on DSC-TGA. Differences in weight loss and the formation of H2O confirm the conjecture regarding F2 moisture absorption based on XRD.
With both fly ash samples, formation of SO2 occurred at around 800-1 000°C. Detection of SO2, coupled with the existence of sulphur according to XRF, also confirm the need for more appropriate sulphur determinations and are in agreement with the conclusions of Rajamma et al. 8) regarding increased sulphur contents in biomass fly ashes.
With the lime samples, tentative TGA revealed the formation of H2O and CO2. Additionally, almost undetectable traces of SO2 were found. As can be seen from the DSC-TGA patterns in Fig. 4 , weight loss of L2 is significantly higher compared to L1. At 1000°C, the weight loss of L1 was in the range of 7-8% as with L2 it was approximately 20%. Otherwise, the TGA and DSC-TGA curves of both samples are distinctively congruent and mainly suggest the decomposition of Ca(OH)2 at approximately 450°C. Differences in weight loss and the decomposition of Ca(OH)2 are also supported by XRF and XRD results.
Mechanical Performance
Compression and flexural strength results of produced mortars after 7 and 28 days are presented in Table 3 . The 25% replacement of cement by fly ash, lime and fly ash/lime mixtures showed a significant decline in strength at both testing ages as the 28 day compression strengths of the replaced mortars ranged from 72% to 49% of the reference (i.e. Control 1). Only the 28 day compression strength of M1, M3, and M9 mortars surpassed that of the Control 2 mortar, where 25% of cement was replaced with aggregate sand. In the case of 28 day flexural strength, only the M1 mortar surpassed Control 2 showing a strength decline of 15% when compared to Control 1.
Based on the mechanical performance results, only the use of F1 as cement replacement in cold-agglomerated briquetting seems feasible. However, the poor mechanical performance of F2 in produced mortars most likely results from the moisture absorption shown by XRD and DSC-TGA and the attested comparatively larger average particle size. The use of lime residues resulted in promoted strength development only in the case of L2 in the M8, M9, and M10 mortars (compared to M6 with 100% replacement with F2), which is however most likely also due to the poor performance of F2 connected to moisture absorption and particle size.
In light of the performance attained by fly ash/lime mixtures, promoted strength development of biomass fly ash with lime additions does not seem attainable. Instead, prior to the forth-coming briquette test series manufacture, emphasis should be placed on the careful sampling and storage of fly ash fractions as possible cement replacements. Additionally, determinations regarding the distribution Fig. 4 . DSC-TGA patterns fly ash and lime samples. © 2011 ISIJ between total and soluble CaO and SiO2 could prove useful in the evaluation of strength development of different fly ash fractions. If the integrity of sampling and respective lack of moisture can be assured, the mechanical performance of fly ash additions could most likely be increased by reducing the average particle size of fly ash by e.g., milling or fractionation. 18) This however would increase the costs related to fly additions in secondary raw material briquetting.
Conclusions
Based on the presented data, cement replacement by biomass fly ashes resulted in significant decline of 28 day compression strength values. The two different fly ash samples attested to 28 day compression strength of app. 72% and 55% of the respective control. Inferior mechanical performance of one of the samples was related to moisture absorption according to XRD and DSC-TGA and relatively larger particle size. Additionally, the lack of reactive mineralogical phases on the basis of XRD was distinctive in both cases. Lime additions encouraged fly ash strength development only in the case of inferior fly ash performance related to the aforementioned moisture absorption and particle size effects. However, detrimental alkali, sulphur, and chlorine contents of the biomass fly ashes do not seem to restrict use in briquetting. During the forth-coming briquette test series manufacture, emphasis should be placed on the careful sampling and storage of fly ash fractions as possible cement replacements. 
